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METHODS:
It uses iodixanol 270 mg/mL (Visipaque 270) and 80 kVp acquisitions reconstructed with sinogram affirmed iterative reconstruction (SAFIRE ® ) in comparison with a standard MDCT protocol. Fiftythree consecutive patients with known or suspected hepatocellular carcinoma underwent 55 CT examinations, with two different four-phase CT protocols. The first group of 30 patients underwent a standard 120 kVp acquisition after injection of Iohexol 350 mg/mL (Accupaque 350 ® ) and reconstructed with filtered back projection. The second group of 25 patients underwent a dual-energy CT at 80-140 kVp with iodixanol 270. The 80 kVp component of the second group was reconstructed iteratively (SAFIRE ® -Siemens). All hyperdense and hypodense hepatic lesions ≥ 5 mm were identified with both protocols. Aorta and portal vessels/liver parenchyma contrast to noise ratio (CNR) in arterial phase, hypervascular lesion/liver parenchyma CNR in arterial phase, hypodense lesion/ liver parenchyma CNR in portal and late phase were calculated in both groups.
INTRODUCTION
Contrast induced nephropathy (CIN) is reported to be related to the total quantity of iodine injected, in grams of iodine (g-I) [1, 2] . The incident of CIN has also been shown to be lower with iso-osmolar contrast media (IOCM) compared to low-osmolar contrast media (LOCM) [3] . IOCM are also reported to be associated with less cardiac side effects [4] . Thus, utilization of an IOCM with low iodine concentration as iodixanol 270 mg/mL (Visipaque 270, GE Healthcare Little Chalfont, United Kingdom) can have considerable benefits compared to a LOCM, especially for patients with impaired renal or cardiac function. To have a potential benefit on CIN, the total amount of iodine has to be lowered.
Lowering the total amount of iodine could be associated with less contrast in images. This is more of an issue in liver imaging, as the hepatic parenchyma has to be adequately enhanced by a sufficient quantity of iodine, in order to image small lesions that enhance less than the surrounding liver. It has been shown that hepatic parenchymal enhancement is optimal with 2-2.5 mL/kg of a contrast agent with iodine concentration of 300 mg/mL [5] .
To compensate for the contrast that would be lost from the implementation of lower iodine load, one solution would be to lower tube kilovoltage of the computed tomography (CT) acquisition. If 80 kVp is chosen the tissue contrast enhancement is better, as iodine absorbs X-ray photons of low energy better as the mean effective energy of the X-rays is closer to the iodine k-edge. This principle has been widely used, mainly in CT-angiography (CTA) protocols, especially for slim patients [6] [7] [8] . The added advantage of this approach is, lowering of overall radiation dose delivered to the patient. Again, this approach is difficult to apply in liver imaging, as the aim is not only enhancement of vessels and hypervascular lesions, but also adequate enhancement of liver parenchyma, in order to highlight any hypovascular lesion.
Another disadvantage of this approach is the resulting higher image noise.
A relatively recent development in the field of CT is the, so-called, iterative reconstruction of raw data. This technique is being adopted from most of CT vendors and has been proved to diminish image noise, thus resulting to a better contrast-to-noise ratio (CNR) [9] [10] [11] . Sinogramm Affirmed Iterative Reconstruction (SAFIRE ® ) is a reconstruction algorithm developed by Siemens healthcare that has been proved to allow 50%-75% reduction in radiation dose by maintaining the same image quality as in FBP reconstructed conventional CT acquisitions [9, 12] . Dual-energy CT (DECT) is another technical development in the domain of CT. It consists of synchronous imaging at different kilovoltages [13] . Different constructors propose different approaches on DECT technique. Dual-source DECT is the solution proposed by Siemens Healthcare (Siemens Healthcare Forchheim Germany). Two separate tubes functioning at different kVp settings, usually 140 for the first and 100 or 80 kVp for the second, produce two separate image series. A virtual weighted average series corresponding to a conventional 120 kVp series is created based on the data provided from the two simultaneous acquisitions. This series is used for routine interpretation of the CT examinations.
The purpose of this study was to define whether diagnostic multiphase liver CT can be obtained by using a lower iodine concentration isosmolar non ionic contrast agent, iodixanol 270 mg/mL (Visipaque 270, GE Healthcare Little Chalfont, United Kingdom) by using low-kilovoltage (80 kVp) CT 
MATERIALS AND METHODS

Patient population
This study was approved by the institutional review board of our hospital and patient consent was waived. Fifty-three patients in total (40 men; 13 women; mean age 62.5 ± 12.4 years) underwent multiphase liver CT between August and December 2014. The first 30 CT exams were performed with the established protocol in our hospital up to October 2014, using 120 kVp acquisitions and iohexol 350 mg/mL (Accupaque 350 GE Healthcare Little Chalfont, United Kingdom). This patient group will be mentioned as "Iohexol 350 group" in this manuscript. The next 25 CT exams were performed with a DECT protocol that was adopted for diagnostic purposes thereafter. This protocol consisted of DE acquisitions at 80 and 140 kVp, using iodixanol 270 mg/mL (Visipaque 270, GE Healthcare Little Chalfont, United Kingdom). This group of patients will be mentioned hereafter as "Iodixanol 270 group". Two of the 53 patients were scanned with both protocols, as they underwent two CT scans for clinical indications in the study duration. The indications for the 55 CT examinations in total were known or suspected primary or metastatic liver tumour.
CT acquisition and contrast injection protocol
All patients were scanned on a dual source dualenergy CT (Flash Definition, Siemens Medical Solutions, Forcheim Germany). The Iohexol 350 group patients were scanned with the standard protocol that had been used at our institution, until October 2014, for detection and characterization of liver lesions. This protocol consisted, of an unenhanced series (covering the superior abdomen) and three enhanced series, i.e., a late arterial phase covering the upper abdomen, a portal phase (covering the whole abdomen) and an equilibrium phase (covering the upper abdomen) after iv contrast agent injection. All four acquisitions were performed on single energy mode at 120 kVp with reference tube current 250 mAs with 4D dose modulation (4D care dose, Siemens medical solutions, Forcheim Germany), with gantry rotation time 0.5 s, pitch 0.9, detector configuration 32 mm × 2 mm × 0.6 mm, reconstruction slice thickness 2 mm, The raw data of these acquisitions were reconstructed with FBP.
The contrast medium injection was performed with an automatic injector: CT Expres III Injector Unit (Swiss Medical Care) at a rate of 3.5 mL/s with a total quantity of 2 mL/kg of Accupaque 350 (GE Healthcare Little Chalfont, United Kingdom). For the arterial phase acquisition a bolus tracking technique was used and the region of interest (ROI) for this purpose was placed in the aorta at the level of the diaphragmatic dome. The image acquisition was triggered 10 s after opacification of the aorta at the level of 100 HU. The portal phase acquisition started 60 s after iv injection and the equilibrium phase acquisition started 150 s after iv injection.
The Iodixanol 270 group patients were scanned with a 4 phase DECT protocol that has been established at our institution since October 2012. This protocol consists of an unenhanced and three enhanced DE acquisitions. The timing of these acquisitions was identical with that of the Iohexol 350 group. The acquisition parameters were as follows: Tube A at 80 kVp, tube B at 140 kVp, gantry rotation time 0.5 s, pitch 0.7 for the unenhanced and 0.6 for the 3 enhanced acquisitions, detector configuration 32 mm × 2 mm × 0.6 mm, reconstruction slice thickness 2 mm, reference tube current 250 mAs for the tube functioning at 80 kVp and automatically chosen for the tube functioning at 140 kVp, with 4D dose modulation (4D care dose, Siemens medical solutions, Forchheim, Germany). A weighted average 120 kVp series reconstructed with SAFIRE with 3 iterations was created for all 4 acquisitions. These series served as the diagnostic imaging for the patients of this group. The data of the 80 kVp acquisition were also reconstructed with 3 iterations SAFIRE reconstructions. The resulting image series were evaluated for the study's purpose.
The injection parameters were the same as with Iohexol 350 group, i.e., 2 mL/kg of Visipaque 270 (GE Healthcare Little Chalfont, United Kingdom) at a rate of 3.5 mL/s.
Radiation dose was calculated for each acquisition separately and was expressed in mSv. These values were estimated by multiplying the total dose-length product provided by the CT console for each acquisition, by a normalizing coefficient of 0.015.
Image analysis
All 4 CT series of the Iohexol 350 group and the 4 iteratively reconstructed 80 kVp series from the DECT acquisitions of the Iodixanol 270 group were anonymized and transferred to a commercially available workstation (OsiriX, Pixmeo, Geneva Switzerland).
Round or oval ROIs were placed on the aorta, the portal vein and the right and left branches of the portal vein, as well as on the liver parenchyma, on arterial and portal phase acquisitions of the iohexol 350 group and the 80 kVp series of the iodixanol 270 group and the corresponding attenuations were recorded. The ROIs were placed in a way to be the largest possible but always resting in the vessel, and for the liver avoiding any vessel, calcification or focal lesion. Two radiologists with 5 and 11 years of experience in abdominal radiology reviewed all series for the presence of hepatic focal lesions measuring more than 5 mm in greatest dimension on the axial plane. When multiple lesions were present, only the 3 lesions with the greatest diameter were included in the measurements.
Hypervascular hepatic lesions were identified on the arterial phase acquisitions of the two patients groups and hypodense lesions were recorded on both portal and equilibrium phase acquisitions in both patients groups. Attenuation values of the above-described focal lesions were measured with ROIs placed in the lesions, in a way to avoid any areas of tumoral necrosis, calcifications or marked inhomogeneities. Image noise was also recorded as the standard deviation of the attenuation values with ROIs placed in the hepatic parenchyma.
The ratio of attenuation of aorta, over portal vein was calculated to check if the timing of the arterial acquisition was similar in both patients' groups. CNR of vessels and of lesions to hepatic parenchyma were also calculated with the mathematical equation CNR = (Af -Al)/N, where Af stands for attenuation value of the lesion or the vessel, Al for attenuation of liver parenchyma and N for the image noise.
Statistical analysis
Normality of data sets was verified with KolmogorovSmirnov test. Normally distributed data sets were compared with student's t test. Non normally distributed datasets were compared with Mann-Whitney test. P values ≤ 0.05 were considered statistically significant. For statistical analysis we used the Graphpad Prism 6 ® (Graphpad California United States).
RESULTS
The iohexol 350 group consisted of 30 patients (mean age 60.7 ± 11.7 years, mean weight 81.8 ± 17.7 kg) who underwent 30 CT exams of. The iodixanol 270 group consisted of 25 patients (mean age 64.7 ± 13.1 years; mean weight 82.8 ± 19.9 kg) who underwent 25 CT exams.
Two patients were scanned with both protocols. There was no statistically significant difference in body weight of patients between the two groups (P = 0.642). Mean ratio of aortic to portal vein attenuation on arterial phase acquisitions was 3.090 ± 0.1818 for the iohexol 350 group and 3.042 ± 0.2562 for the iodixanol 270 group; P = 0.8762.
CNR of aorta to liver parenchyma on arterial phase acquisition was significantly higher for the iodixanol 270 group (15.33 ± 6.48) compared with the iohexol 350 group (10.83 ± 3.009); P = 0.0040 ( Figure 1A) . The comparisons between CNR for all vessels on arterial and portal vein is represented in detail in Table 1 .
In total, 56 focal liver lesions (mean diameter 25.4 ± 18.9 mm) were identified in the Iohexol group and 53 (mean diameter 21.4 ± 14.5 mm) in the Iodixanol group in all three enhanced phase series. Overall CNR was significantly higher for the Iodixanol group (3.07 ± 1.96) compared to the Iohexol group (2.30 ± 1.23; P = 0.0346, Figure 1B) . The analysis and comparison of CNR of focal lesions to liver parenchyma is shown on Table 2 .
In one of the patients that were scanned with both protocols we identified one hypervascular lesion measuring 5.3 cm of greatest axis that was subjectively more evident with iodixanol 270 protocol, with a CNR of 0.36 for iohexol 350 vs 2.32 for the iodixanol 270 protocol (Figure 2 ). 
DISCUSSION
Low kilovoltage CT protocols, have been proposed for various indications in the literature. In the domain of detection of hepatocellular carcinoma, Marin et al [14] showed that low tube voltage improves conspicuity of malignant hypervascular lesions. Lee et al [15] , in another study, compared low kVp four phase CT of the liver to MRI and found that results were comparable for nonobese patients. Yanaga et al [16] tested a low Iodine load (444 mgI/kg body weight) 80 kVp CT protocol for slim patients of less than 70 kg and found it to be superior to conventional 120 kVp CT protocol with 600 mgI/kg. The approach of choosing the DECT acquisitions allows appreciating low kilovoltage acquisition series, without any potential compromise in the overall examination quality as this 80 kVp is part of a "conventional" DECT protocol and 120 kVp weighted average series was always available for diagnostic purposes. This approach has been widely used in the literature. Altenbernd et al [17] showed that low-kVp images of DECT datasets are more sensitive in detecting hypervascular liver lesions, than the weighted average 120 kVp image series, but with a decrease in subjective image quality. With the advent of iterative reconstructions, Marin et al [18, 19] showed the advantage of using iterative reconstruction when low kV is used. In the same direction, Nakaura et al [20] , compared a low iodine load (360 mgI/kg) low kilovoltage (80 kVp) CT protocol with iterative reconstructions to a standard 120 kVp protocol and found no statistically significant difference for CNR between vessels and hepatic parenchyma in arterial and portal venous phase between the two protocols.
To the best of our knowledge, the present study is the first to test feasibility of low kilovoltage CT with an isoosmolar low iodine concentration contrast agent with iterative reconstructions for liver imaging.
Our results show that for both vessels and focal hepatic lesions the overall CNR is significantly higher for the low kVp, iodixanol 270 group.
In the arterial phase, CNR was significantly higher for the iodixanol 270 group (15.33 ± 6.48 vs 10.83 ± 3.09; P = 0.0040). For hypervascular focal lesions, CNR was the same for both groups (2.522 ± 1.699 vs 2.266 ± 1.243, iohexol 350 vs iodixanol 270, P = 0.8532). In order to verify that the timing of the arterial acquisition was similar for both groups the ratio of aortic to portal venous attenuation was calculated for the arterial phase acquisitions in both groups and was found to be of no statistical difference (P = 0.8762).
For portal and delayed phase acquisitions results Table 2 Analysis and comparison of focal liver lesions
The P values refer to comparison of contrast-to-noise ratios (CNR) between the two groups. were more homogeneous as all CNRs for all vessels, including the branches of portal veins but also for hypodense focal lesions were significantly higher for the iodixanol 270 group. As the measurements of CNR are equal or better for the iodixanol 270 group, even including patients weighting up to 123 kg (mean weight 82.8 ± 19.9 kg), this protocol could potentially be applied to all patients and not only to slim patients as reported in the literature [16] . A limiting factor of this study is it's retrospective nature, with a relatively limited patients number. Consequently patients were not randomized. Despite this fact, mean patients' weight that would be a major factor to influence CT image quality between the two groups, was very similar in both groups (81.8 ± 17.7 kg for iohexol 350 group and 82.8 ± 19.9 kg for the iodixanol 270 group; P = 0.642). Another limiting factor is that the two groups consisted mainly of different patients. Thus direct comparison with paired datasets was not feasible.
Two of the patients were scanned with both protocols. In one of them we identified one hypervascular lesion measuring 5.3 cm of greatest axis that was subjectively more evident with iodixanol 270 protocol, with a CNR of 0.36 for iohexol 350 vs 2.32 for the iodixanol 270 protocol (Figure 2) .
Eighty kVp 4 phase liver CT with an isoosmolar -low iodine concentration contrast agent and iterative reconstructions is feasible and yields equal or even better results compared to a conventional 120 kVp CT protocol with a low osmolar-higher iodine concentration contrast agent. This approach would be particularly useful for patients with renal or cardiac dysfunction, but would also be of benefit for the general population, as it allows considerable decrease in radiation dose.
COMMENTS
Background
Dynamic contrast enhanced liver computed tomography (CT) is a highly accepted tool in the detection of hypervascular and hypovascular focal liver lesions. The use of iterative reconstructions allows lowering CT image noise and theoretically makes liver imaging in low kilovoltage settings possible. Low kilovoltage would theoretically accentuate visibility of iodine contrast medium and thus allow the use of lower concentration contrast agents. The aim of the study was to verify if the proposed low kVp, with iterative reconstructions using low iodine concentration contrast agent can be used as an alternative to conventional CT protocol. The advantage of this proposed protocol would be a considerable gain in radiation dose for the general population and also a lower iodine load for special patient populations as those with impaired renal or cardiac function.
Research frontiers
Iso-osmolar contrast media with low iodine concentration as iodixanol 270 mg/mL can have considerable benefits, especially for patients with impaired renal or cardiac function. Low-kVp CT imaging allows a better visibility of iodine contrast, but is associated with noisier images. Iterative reconstructions have been under intensive investigation recently and have been proven to significantly reduce image noise. They have also been proven to offer the same image quality in acquisitions with lower radiation dose. Dual-energy CT (DECT) is another technical development in the domain of CT. It's use becomes available and allows studying both low and high kilovoltage acquisitions, without any compromise in diagnostic performance.
Innovations and breakthroughs
Low kilovoltage series issuing from dual-energy CT, with or without iterative reconstructions have previously been studied in the literature. However, to the best of knowledge, the present study is the first to prove the feasibility and efficacy of low kilovoltage CT with an isoosmolar low iodine concentration contrast agent with iterative reconstructions for liver imaging.
Applications
With advancing technology, iterative reconstructions become more and more robust and accessible. Low kVp CT is also gaining place as there are vendors proposing even 70 kVp CT imaging. In this context, this study can serve as a pilot study for future projects aiming to define the most performing CT-protocol for detection of focal liver lesions.
Terminology
CNR: Contrast-to-noise ratio is the objective measurement that has been chosen for documentation of CT image contrast. It is calculated with the mathematical equation CNR = (Af -Al)/N, where Af stands for attenuation value of the lesion or the vessel, Al for attenuation of liver parenchyma and N for the image noise; DECT: Dual energy CT is a CT technique that consists of synchronous imaging at low and high kilovoltages. This technique gives information on tissue characteristics based on spectral analysis. Both image series of low and high kVp can be analysed separately and also a virtual image series of 120 kVp is created based on the two acquisitions and is used for reading of the CT examinations I the clinical setting; Iterative reconstructions: Technique of reconstruction of CT raw data, allowing diminishing image noise, thus resulting to a better contrast-to-noise ratio compared with the conventional filtered back projection that is the technique that has been widely used in the past years; Isoosmolar iodinated contrast media: Contrast media being of the same osmolality as blood (290 mOsm/kg H2O).
